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Introduction

Nearly all materials exposed to atmosphere are susceptible to changes of their physical
integrity (often using the terms physico-chemical transformations, corrosion, weathering) due
to effects from their environment. The extent of the corrosion processes can be predicted,
when the affecting parameters and the mechanisms of the processes are known. In reality this
prediction capacity is very limited, because the full process of atmospheric corrosion is not
understood in all details. With experimentally derived dose-response functions it is possible
however to obtain a rough risk assessment for some materials. Transformation of these
quantitative relations to cultural heritage objects made of similar materials opens a possibility
of a risk assessment of these objects.
In general risk refers to the uncertainty that future events occur. In case of corrosion of
materials it is the expression of the impact of events with the potential to influence the state
and physical integrity of objects.
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Dose response functions

Dose response functions express the effects of single or multiple environmental and climatic
parameters on the corrosion of a material. In case of the UNECE Material exposure
programme and within the MULTIASSESS-programme functions were derived from real
measurements of corrosion rates. They are a good description of the corrosion rates in
environments which are similar to those studied in the exposure-programmes. Because the
network of the test sites of those research programmes encompassed all typical climatic and
environmental zones in Europe the resulting dose response function should be good enough to
allow a prediction of corrosion rates to materials at given situations in nearly all European
countries.
Table 1:
List of dose-response functions, including temperature function, for unsheltered
materials. The corrosion attack is expressed as mass loss (ML in g/m2) for metals, surface
recession (R in µm) for Portland limestone.
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By application of the independent variables of dose response functions in a geographical or
special distribution maps of calculated corrosion rates maps of potential corrosivity can be
prepared. For all maps prepared within this project exclusively dose-response function (Table
1) from the MULTIASSESS project were used.

3 Mapping procedure
3.1 Input data, mapping and GIS technique
Due to the complex effects of a variety of environmental and climatic parameters and the
different sensitivity of materials in response to these effects the corrosion rate of materials
varies from place to place within a wide scope. The spatial distribution of acting parameters
can be evaluated and allows then, when drawn into maps, a differentiated view.
Data on air pollutants and climate parameters, used as input for dose-response function
calculations, must be (made) available in a corresponding scale level in order to retrieve
reliable mapping results. Dose-response functions developed within the MULTIASSESS
project are using easily available parameters.

Table 2:

List of input data for the mapping procedure and their typical range

When long range transport model data (e.g. EMEP, NERI data) in low spatial resolution are
used certain pre-processing using GIS is necessary, however, in order to derive appropriate
input data for mapping actual corrosion rates. In Table 3 the input data which were compiled
and used within the mapping activity are listed as well as the pre-processing applied.

3.2 Pre-processing and resampling of EMEP air concentration data
The quality of the interpolation naturally depends on the density of the data from the network,
i.e. the density of the measurement sites. If high resolution air concentration data are not
available or provided, long range transport model data can be used instead. The preprocessing of the data provided by EMEP (downloadable at www.emep.int ) applied in this
study using GIS consists in the following steps:
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• a point coverage is created using the given EMEP grid co-ordinates
• the projection of the point coverage is changed into the standard projection used in this study
• the points are located in the centre of each EMEP grid
• EMEP air concentration data are added to the points as attributes (see figure)
• the point values are interpolated into a 1x1km² grid (air concentration field) using Kriging
technique
The result is a gridded high resolution air concentration field showing horizontally continuing
values. Errors and uncertainties of the underlying original EMEP50 data, however, are not
corrected by applying this pre-processing procedure. Wherever possible, monitoring data
should be used for data validation.

Figure 1:
countries

NO2 air concentration in the EMEP grid over Germany and neighbouring
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3.3 The mapping procedure
In order to map actual corrosion rates dose-response functions are transferred into map
calculating routines using GIS. These routines were used to derive high resolution maps (1x1
km² grid), i.e. on a spatial scale close to the receptor exposed.

Figure 2:
Illustration of a mapping procedure. a) Choose area for mapping; b) Definition
of a appropriate grid size (e.g. 1 x 1 km grid cell); c) Application of D/R-function for each
grid cell. Each parameter relates to the individual grid cell area; d) Corrosion rates are then
attributed to different classes and a colour key.

a)

b)

c)

d)
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Corrosion maps on country scale

To obtain an overview and to compare the corrosivity situation in the involved countries and
to be able to see changes in the corrosion situation within a time span, national corrosivity
maps were produced for the years 1990 and 2000. This time span also included the years
where substantial reduction of sulphur dioxide have taken place in Europe.
The calculation and drawing procedure of national corrosivity maps was available for
Germany, Czech Republic and Switzerland each individually. In course of the project one of
the most important tasks was to prepare a map which encompassed all three countries in one
map. This was made possible by harmonization of the necessary input data for pollution and
climate (Table 3) and also with an adjustment of the coordinate systems in the border regions
of the countries.

Table 3:
Input of pollution and climate data necessary, respectively used for the mapping
of Switzerland, Czech Republic and Germany:

(*)

calculated using the relation of Swiss to EMEP PM10-data in 1x1 km² grid resolution:
CH PM10, 1990 = (CH PM10, 2000/ EMEP PM10, 2000) * EMEP PM10, 1990
(1)
calculated using NERI-NO2, O3 calculated using NERI-NO2 (3), and national data on relative humidity and
temperature:
HNO3 = 516 * exp(-3400/(Temp + 273)) * (NO2 * O3 * Rh)0,5
(2)
calculated using national data of NO2, O3, relative humidity and temperature:
HNO3 = 516 * exp(-3400/(Temp + 273)) * (NO2 * O3 * Rh)0,5
(3)
calculated using NERI-NO2:
O3 = 57 * exp(-0.012 * NO2)
(4)
calculated using EMEP PM10-data: EMEP50-grid centre point values interpolated to 1x1km² grid using
Kriging technique (change of projection, resampling of size, Kriging interpolation)

In the following pages the maps for the Central European area including Germany, Czech
Republic and Switzerland are presented for cast bronze, copper, zinc, carbon steel and
Portland limestone. The improvement of the corrosivity situation for all materials in the year
2000, compared to 1990 is very clearly visible.
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Figure 3:

Cast bronze – mean annual mass loss 1990 in Central Europe
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Figure 4:

Cast bronze – mean annual mass loss 2000 in Central Europe
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Figure 5:

Copper – mean annual mass loss 1990 in Central Europe
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Figure 6:

Copper – mean annual mass loss 2000 in Central Europe
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Figure 7:

Zinc – mean annual mass loss 1990 in Central Europe
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Figure 8:

Zinc – mean annual mass loss 2000 in Central Europe

13

Figure 9:

Carbon steel – mean annual mass loss 1990 in Central Europe

14

Figure 10:

Carbon steel – mean annual mass loss 2000 in Central Europe
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Figure 11:

Portland limestone – mean annual surface recession 1990 in Central Europe
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Figure 12:

Portland limestone – mean annual surface recession 2000 in Central Europe
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Corrosion maps on local/urban scale

In general most of the materials, including those of cultural monuments are located in urban
areas. Therefore it was of great interest to learn, whether and to which extent materials in
urban agglomerations are exposed to risk of increased corrosion.
Corine Land Cover offers maps which classify the area into different categories of land use.
Those base maps were use for the mapping procedure to exclude all non-built areas, i.e. areas
where no materials are exposed to environmental impact. This is also a first step towards a
stock-at-risk map, where areas without a material stock are discriminated from further
evaluation. An example of a land use map is given in Figure 13 for the area of Berlin and its
surrounding.
Figure 13: Land use map of Berlin. Areas relevant for materials (i.e. built areas) are
shown in red colour

The network of air pollution monitoring station is usually relatively dense within greater
cities, nevertheless also here Kriging interpolation has to be performed with the available data
to obtain a coherent picture for all necessary parameters in the 1 x 1 km grid. Unfortunately
climatic data often are not available within the same density. An example of the position of
monitoring sites within a big city area is given in Figure14 for Paris.
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Figure 14:
year 2000

Air pollution sampling sites and built area in Paris and surrounding area in the

The mapping procedure of greater urban areas within this project included Berlin, Vienna,
Paris, Milan and Madrid. The years included were 1990 and 2000, in Madrid in addition the
year 2005. Again, similar to the country level maps, a very clear improvement of the
corrosivity situation in the year 2000, compared to the 1990 situation is observable.
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5.1

Berlin

Figure 15:

Cast bronze – mean annual mass loss 1990 in Berlin

Figure 16:

Cast bronze – mean annual mass loss 2000 in Berlin
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Figure 17:

Copper – mean annual mass loss 1990 in Berlin

Figure 18:

Copper – mean annual mass loss 2000 in Berlin
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Figure 19:

Zinc – mean annual mass loss 1990 in Berlin

Figure 20:

Zinc – mean annual mass loss 2000 in Berlin
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Figure 21:

Carbon steel – mean annual mass loss 1990 in Berlin

Figure 22:

Carbon steel – mean annual mass loss 2000 in Berlin
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5.2 Paris
Figure 23:

Cast bronze – mean annual mass loss 1990 in Paris

Figure 24:

Cast bronze – mean annual mass loss 2000 in Paris
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Figure 25:

Copper – mean annual mass loss 1990 in Paris

Figure 26:

Copper – mean annual mass loss 2000 in Paris
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Figure 27:

Zinc – mean annual mass loss 1990 in Paris

Figure 28:

Zinc – mean annual mass loss 2000 in Paris
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Figure 29:

Carbon steel – mean annual mass loss 1990 in Paris

Figure 30:

Carbon steel – mean annual mass loss 2000 in Paris
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Figure 31:

Portland limestone – mean annual surface recession 1990 in Paris

Figure 32:

Portland limestone – mean annual surface recession 2000 in Paris

28

5.3 Milan
Figure 33:

Cast bronze – mean annual mass loss 1990 in Milan

Figure 34:

Cast bronze – mean annual mass loss 2000 in Milan
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Figure 35:

Copper – mean annual mass loss 1990 in Milan

Figure 36:

Copper – mean annual mass loss 2000 in Milan
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Figure 37:

Zinc – mean annual mass loss 1990 in Milan

Figure 38:

Zinc – mean annual mass loss 2000 in Milan
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Figure 39:

Carbon steel – mean annual mass loss 1990 in Milan

Figure 40:

Carbon steel – mean annual mass loss 2000 in Milan
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Figure 41:

Portland limestone – mean annual surface recession 1990 in Milan

Figure 42:

Portland limestone – mean annual surface recession 2000 in Milan
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5.4 Vienna
Figure 43: Cast bronze – mean annual mass loss 1990 in Vienna

Figure 44: Cast bronze – mean annual mass loss 2000 in Vienna
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Figure 45: Copper – mean annual mass loss 1990 in Vienna

Figure 46: Copper – mean annual mass loss 2000 in Vienna
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Figure 47: Zinc – mean annual mass loss 1990 in Vienna

Figure 48: Zinc – mean annual mass loss 2000 in Vienna
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Figure 49: Carbon steel – mean annual mass loss 1990 in Vienna

Figure 50: Carbon steel – mean annual mass loss 2000 in Vienna
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Figure 51: Portland limestone – mean annual surface recession 1990 in Vienna

Figure 52: Portland limestone – mean annual surface recession 2000 in Vienna

38

5.5 Madrid
Figure 53: Zinc – mean annual mass loss 1990 in Madrid

Figure 54: Zinc – mean annual mass loss 2000 in Madrid
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Figure 55: Zinc – mean annual mass loss 2005 in Madrid

Figure 56: Portland limestone – mean annual surface recession 1990 in Madrid
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Figure 57: Portland limestone – mean annual surface recession 2000 in Madrid

Figure 58: Portland limestone – mean annual surface recession 2005 in Madrid
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Interpretation of maps

All maps show a differentiated picture of the calculated corrosivity of certain materials. They
predict the corrosivity of a material by application of dose-response functions linking
environmental, climatic data with material sensitivity/reactivity and adding to the data
georeference. The absolute values of corrosion rates, respectively surface recession rates are
based on calculations which are at the end of many interpolations and include therefore a high
uncertainty level. It is not the place here to discuss these uncertainties.
However, the maps have to be read only as the indication of potential risk of corrosion at
certain regions and allowing the comparison of increased or decreased risk between two
different regions or between two different time periods.
All calculated rates relate to a grid size of 1 x 1 km². The use of grids generalises the data, so
it is not possible to view site specific characteristics of individual emission sources or objects.
All parameters taken for the calculation are average values relating to the grid cell size. This
can for example have the effect that a local emission source which produces a 100fold
pollution concentration within an area of 100 x 100 m² only doubles the value within the 1 x 1
km² grid.

7 Exceedance maps
7.1 Concept of background and tolerable corrosion rates
A response to the question, whether the calculated corrosion rate within a certain region lies
above or below a limit needs the evaluation or definition of those limits. In the presented
maps a scaling was used, which is based on the concept of acceptable/tolerable corrosion rates
as defined within the UNECE ICP Materials exposure programme.
Within the CLRTAP of the UNECE a corrosion rate that exceeds a certain multiple (usually
2,5fold) of a background corrosion rate is not tolerated. The background corrosion rate, i.e. a
rate that takes place under conditions of more or less unaffected environment was defined as
the lower 10percentile of all rates observed within the test sites of the UNECE ICP Materials
exposure programme. That means that a corrosion rate which is equal or lower then this
defined value can be accepted, in contrary when this rate is exceeded, action has to be taken.
Table 4:

Background and tolerable corrosion rates
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The background corrosion rates used are taken from the UNECE/ICP for Modelling and
Mapping manual (Manual on methodologies for mapping critical loads/levels
http://www.icpmapping.org/ ).

7.2 Maps of exceedance of tolerable corrosion rates
By introducing a scaling which directly relates to the values of background rates and its
multiples, it is possible to visualize in the maps areas which exceed tolerable corrosion rates.
One example given in Figure is the map showing the exceedance of the copper corrosion rate
in the year 2000 in Germany, Czech Republic and Switzerland.
Figure 59: Map of Germany, Czech Republic and Switzerland showing the areas where the
copper corrosion rate in the year 2000 exceeded the tolerable annual corrosion rate of
7.5 g Cu/m². Areas with rates below the tolerable rate are left blank.
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In a similar way exceedances can be visualised also for urban areas. So for instance most of
the central area in Paris exceeded the tolerable corrosion rate for zinc (< 8.2 g Zn/m²*year).
As zinc surfaces are a substantial part of the building materials used in this city, the results
show that measures have to be taken to reduce the risk for this building material.
Figure 60: Areas of Paris with zinc corrosivity above the tolerable value of an annual
corrosion rate of 8.2 g Zn/m² in the year 2000.

In Vienna some of the areas of the city, which belong to the protected monumental areas
(listed buildings), are also identical with areas showing higher then tolerable corrosion rates
of zinc (year 2000 data). In this case, however, no data about the stock-at-risk of zinc surfaces
are available.
Figure 61: City of Vienna showing in red the areas with high density of important (listed)
monuments and in green areas with the exceedence of tolerable zinc corrosion rate.
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7.3 Effects of air pollution abatement on corrosivity 1990 and 2000
The change in corrosivity for all materials where maps have been produced is evident, when
year 1990 is compared to the year 2000. This result shows very clearly the positive effect of
the reduction of acid air pollutants, especially that of SO2 during one decade. However, there
still remain some regions, where air pollution is at a level that causes higher corrosion rates
then those tolerated.
The changes can be made visible also by statistical treatment of the size of areas, which
belong to a certain corrosivity range, here given as a multiple of the background corrosion
rate. Comparison of the year 1990 and year 2000 data (Figure 62: a)/b), c)/d), e)/f)) shows the
improvement for all materials during that time span. Given that the tolerable exceedance of
the corrosion rate is the 2.5fold multiple of the background corrosion rate, most of the areas in
the three countries Germany, Czech Republic and Switzerland would be out of risk. However,
when the factor of 2.5 - which is a political decided value and was defined by commitment –
would be defined more strict (e.g. 2.0), most of the areas in the three countries then still would
have too high rates of corrosion for most of the materials (excepting bronze).
Figure 62: Areas (in km²) with a multiple of the background corrosion rate:
a) Zinc 1990; b) Zinc 2000; c) Carbon steel 1990; d) Carbon steel 2000; e) Portland
Limestone 1990; f) Portland limestone 2000; g) Cast bronze 2000; h) Copper 2000

a)

b)

c)

d)
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e)

f)

g)

h)
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Scenarios

Mapping based on dose-response function application allows also calculation of expected
corrosion rates with environmental parameters that are expected to be met in the future, for
instance following the air pollution reduction policy of the European Union. The current
legislation of the European Union urges within the National Emission Ceiling directive an in
Germany until 2020 of 48% emission reduction of SO2, of 51% NOX and 35 % of PM2,5
related to the base year 2000. Additional reductions of emissions due to the proposed
Thematic Strategy within the CAFÉ initiative would reduce the emissions of SO2 by 58%,
NOX by 58% and PM2,5 by 47%, again related to the base year 2000.
For mapping purposes in a simplification the emission reduction percentage was set equal to
the expected reduction of deposition of SO2, HNO3 and PM10. In reality those transformation
calculation does not follow a linear relation and the deposition reduction will be lower than
the reduction in emissions. Nevertheless, also with this imperfection important trends can be
made visible. With these parameters a scenario mapping exercise could be performed for the
area of Germany. Both scenario maps for the year 2020 are compared to the situation of the
base year 2000.
For all materials it can be expected that the corrosivity would be below the tolerable values
then.
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Figure 63:

Scenario for Cast bronze corrosion rate

Figure 64:

Scenario for Carbon Steel corrosion rate
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Figure 65:

Scenario for Portland Limestone surface recession rate

Figure 66:

Scenario for zinc corrosion rate
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Figure 67:

Scenario for copper corrosion rate
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